The melibiose permease of Escherichia coli (MelB) catalyzes the coupled stoichiometric symport of a galactoside with a cation (either Na ؉ , Li ؉ , or H ؉ ), using free energy from the downhill translocation of one cosubstrate to catalyze the accumulation of the other. Here, we present a 3D structure model of MelB threaded through a crystal structure of the lactose permease of E. coli (LacY), manually adjusted, and energetically minimized. The model contains 442 consecutive residues (Ϸ94% of the polypeptide), including all 12 transmembrane helices and connecting loops, with no steric clashes and superimposes well with the template structure. The electrostatic surface potential calculated from the model is typical for a membrane protein and exhibits a characteristic ring of positive charges around the periphery of the cytoplasmic side. The 3D model indicates that MelB consists of two pseudosymmetrical 6-helix bundles lining an internal hydrophilic cavity, which faces the cytoplasmic side of the membrane. Both sugar and cation binding sites are proposed to lie within the internal cavity. The model is consistent with numerous previous mutational, biochemical/biophysical characterizations as well as low-resolution structural data. Thus, an alternating access mechanism with sequential binding is discussed. The proposed overall fold of MelB is different from the available crystal structures of other Na ؉ -coupled transporters, suggesting a distinctive fold for Na ؉ symporters.
M
elibiose permease of Escherichia coli (MelB), encoded by the melB gene in the mel operon (1) , is a well-studied representative of the glycoside-pentoside-hexuronide/cation symporter family of membrane transporters (2) . MelB utilizes free energy released from the energetically downhill movement of a cation (Na ϩ , Li ϩ , or H ϩ ), in response to an electrochemical cation gradient, to drive the uphill stoichiometric accumulation of a galactopyranoside (3) (4) (5) . The type of the cotransported cation depends on the stereostructure of the transported sugar (6) . ␣-Galactopyranosides (melibiose, raffinose, and p-nitrophenyl-␣-galactoside) are cotransported with Na ϩ , H ϩ , or Li ϩ , whereas ␤-galactopyranosides (lactose, methyl-1-␤-D-galactopyranoside, and p-nitrophenyl-␤-galactoside) are cotransported with Na ϩ or Li ϩ but not H ϩ (6) . In the absence of an electrochemical cation gradient, MelB catalyzes the reverse reaction, using free energy from the downhill translocation of the sugar to drive the stoichiometric transport of the coupled cation in either direction across the membrane (5, 7, 8) . Similar features of transport exist in the lactose permease of E. coli (LacY) (9, 10) , the best-studied representative of the major facilitator superfamily (MFS) of membrane transporters (2) . Both MelB and LacY transport D-galactopyranosides, with similar substrate specificity; however, sugar transport in LacY is coupled solely with H ϩ (9, 10) . MelB consists of 473 aa with Ϸ65% apolar/hydrophobic residues (1, 11) , and the Met-1 residue does not appear by N-terminal sequencing (12) . The single polypeptide is responsible for the Na ϩ , H ϩ , or Li ϩ /sugar symport (11) . The membrane topology of MelB has been determined by hydropathy and phoA-fusion analyses (11, 13) as well as by limited proteolysis (14) . Similar to LacY (10) , MelB exhibits 12 transmembrane helices connected by hydrophilic loops with both N-and C-termini located at the cytoplasmic side of the membrane. A signature of ''6 helices-middle loop-6 helices'' is observed in both permeases. A projection map of MelB obtained by cryo-EM of 2D crystals at a resolution of 8 Å (15) confirms the total number of transmembrane helices as well as the feature of 2-helix bundles lining a central cavity. Furthermore, a 3D EM map at a resolution of 10 Å reveals that MelB exhibits a heart shape and that the crystal structure of LacY can be docked within the EM map (16) .
Five X-ray 3D crystal structures of LacY have been solved for the wild-type protein (17) and a conformationally restricted mutant (18, 19) . All crystal structures show that LacY is organized into two 6-helix bundles related by 2-fold pseudosymmetry, which are separated by a large hydrophilic cavity open to the cytoplasmic side, representing an inward-facing conformation. The side chains important for binding both sugar and H ϩ lie at the apex of the central cavity in the middle of the protein. Similar overall folds have been observed for two other members of MFS, namely, the glycerol-3-phosphate transporter (GlpT) (20) and the postulated multidrug efflux pump (EmrD) (21) of E. coli. Here, we report a 3D structure model of MelB obtained by threading analysis using LacY crystal structure as the template. The model suggests that MelB shares a similar overall fold with MFS members and exhibits a distinctive fold for Na All 3D threading models of MelB were converted to membrane topological representations (Fig. S1 ). The topological profiles of MelB derived from LeuT Aa and Amt-1 structures (Fig.  S1 D and E) clearly disagree with the well-established topology of MelB (Fig. 1) . The conversion of the CLC-based model was rather difficult because of the large number of irregular and broken helices. Therefore, these three models are excluded from the analysis. On the other hand, all topological profiles based on the MFS templates ( Fig. S1 A-C) are similar to the experimentally determined topology of MelB (11, 13, 14) , where the characteristic signature of 6 helices-middle loop-6 helices is present. LacY shares similar substrate specificity and overall transport mechanism with MelB; hence, the LacY-based model was chosen for further systematic evaluation.
Careful examination of the threading model shows that the register of the residues in helix X needed to be modified by half a turn so that both hydrophilic and hydrophobic faces of the helix orient properly. Therefore, manual adjustments, followed by energy minimization, were performed as described in Materials and Methods.
Alignment of 3D Structures. The primary sequence alignment between MelB and LacY is relatively poor with Ϸ37% sequence similarity and Ϸ15% identity; thus, MelB was separated from the MFS (2). However, it is remarkable that a secondary structureweighted alignment yields an excellent match between the predicted secondary structure of MelB and the crystal structure of LacY, as observed by the LOOPP program (Fig. S2) . Subsequently, functionally important residues align well between the two permeases as discussed below. The poor outcome of alignments based only on primary sequence may be attributable to the presence of four longer extramembrane loops on both ends of helices V and XI in MelB (Figs. S2 and S5 ).
The backbone model (FUGUE program) and the all-atom model (LOOPP program) suggest that MelB adopts an overall fold resembling that of LacY ( Fig. 2A) . The all-atom model of MelB includes Ϸ94% of the residues (positions 6-448) covering all 12 transmembrane helices and connecting loops with acceptable stereochemistry and no steric clashes. A Ramachandran plot shows that 80% of the residues concentrate in the ␣-helical region and only 1% of the total residues are located in the stereochemically disallowed area. These outliers are mainly located in the flexible extramembrane loops. Furthermore, superposition of the main chain atoms of the MelB model and LacY structure, restricting the 3D alignment to the corresponding transmembrane helices (Fig. 2 A) , yields a rmsd of only 0.5 Å. These results indicate that MelB can adopt an inward-facing conformation similar to that of LacY. In addition, threading models based on GlpT and EmrD exhibit arrangement of helices similar to that of LacY but with different overall conformations. It is also noteworthy that pair-wise superpositions of LacY-based threading models of four MelB orthologues from Salmonella typhimurium, Citrobacter freundii, Klebsiella pneumoniae, and Vibrio shilonii yield rmsd values of less than 1.5 Å. Moreover, evolutionary conservation analyses were performed using the ConSurf program (SI Text). When the evolutionary conservation patterns are mapped on the MelB model ( Fig. S3A ) and LacY structure (Fig. S3B) , the most conserved residues are located at the interhelix interfaces within transmembrane regions, whereas the most variable residues are located in the periphery (Fig. S3 ).
Overall Architecture. MelB, like LacY ( Fig. 2 A and C) , is heart shaped when viewed parallel to the membrane and oval shaped when viewed from the cytoplasmic side ( Fig. 2 A and B) . The overall shape of the MelB model is consistent with previous structural results based on 2D crystallographic projections and 3D EM maps (15, 16) . The calculated electrostatic surface potential of the MelB model reveals a hydrophobic transmembrane region and charged/polar extramembrane loops (Fig. 2B) . In both permeases, it is interesting that a positively charged belt, like ''blue lips,'' is clearly observed around the periphery of the cytoplasmic opening, with negative charges concentrated at both the top and bottom surfaces of the proteins ( Fig. 2 B and C) . The asymmetrical surface charge distribution in both permeases supports the positive inside rule (25) , which is important for controlling membrane topology of the protein, and extends the rule to the tertiary structure level. Moreover, the blue lips at the cytoplasmic opening are expected to facilitate interactions with the phosphate oxygens of phospholipids and might also imply a preferential association with anionic phospholipids at the inner leaflet of the membrane. Additionally, the negatively charged (11) is matched to the threading 3D structure (see the text). Transmembrane helices are presented as blue cylinders; the light-blue color indicates extramembrane segments. Helices are numbered with Roman numerals. Charged residues are shown in red (negative) and blue (positive). Eight cavity-exposed charged residues from transmembrane regions are marked as filled square boxes. Residues known to participate in the sugar binding are highlighted with a pink background. Residues expected to be involved in cation binding are highlighted with a yellow background (see the text). Residues important for substrate(s) binding and/or coupling are highlighted with a blue background. The Met-1 residue is removed, as suggested by N-terminal sequencing (12) . The threaded region is between residues Thr-6 and Leu-448, as indicated by black lines.
surfaces at the top and bottom sides may contribute to the local cation concentrations. Domain Structure. MelB is organized in 2-helix bundles connected with a central loop and separated by an internal cavity facing the cytoplasmic side. Both N-and C-termini are located at the cytoplasmic side of the protein (Fig. 2 A) . The N-and C-helix bundles are related by a 2-fold pseudosymmetry. Within each domain, there is another 2-fold inverted pseudosymmetry. The primary sequence alignment between the N-and C-terminal halves shows significant homology of 57.8% (17.5% identity), with a nearly perfect match in the secondary structure (Fig. S4) . A pseudosymmetry between the two 6-helix bundles is evident in the crystal structures of LacY. However, the homology between the two halves is Ϸ57.4%, with only Ϸ14.2% identity (Fig. S4) . Thus, the threading structure is consistent with the notion that MelB, like other MFS members, contains two internal tandem repeats from the same genetic origin (2) . The pseudosymmetry between the two domains is not observed in the low-resolution 2D projection map (15) . Possible interpretations would be the presence of several irregular or tilted helices and/or a tilt in the pseudosymmetrical axis relative to the membrane plane.
Conserved Hydrophobic Interactions. Both the N-and C-helices bundles contain conserved hydrophobic patches. Three Phe residues in positions 17 and 21 (helix I), as well as position 146 (IV) in LacY, contribute to a hydrophobic patch, which seems to be involved in stabilizing the N-terminal domain (Fig. 3B) .
The corresponding positions in MelB are all Phe residues in positions 16, 20 (helix I), and 151 (helix IV), respectively (Fig.  3A) . In addition, this characteristic packing seems to play a role in the optimal orientation of a conserved Arg residue, Arg-149 in MelB (26) and Arg-144 in LacY, which is important for sugar binding (9) (Fig. 3) . Furthermore, residues Phe-49 (helix II); Leu-222, Leu-225, Phe-246, and Phe-247 (helix VII); Val-315 (helix X); and Leu-385 (helix XII) of LacY contribute to the packing around helix VII in the C-terminal helices bundle (Fig.  3B) . In MelB, residues Phe-48 (helix II); Leu-233, Leu-236, Tyr255, and Phe-256 (helix VII); Val-328 (helix X); and Leu-417 (helix XII) occupy similar positions (Fig. 3A) . The wellconserved helical-packing environments support the predicted overall arrangement of helices in the model.
Characteristic Cytoplasmic Loops of MelB.
The presence of four distinguishable loops is observed in the 3D model of MelB (Fig.  S5) . These loops are significantly longer than the corresponding regions in LacY. The length and location of these loops are highly conserved across all MelB orthologues. Loops 4-5/5-6 and 10-11/11-12 are located on both sides of the corresponding helices V and XI. It is remarkable that more than two-thirds of the cytoplasmic loops 4-5 and 10-11 contain charged/polar residues, (Fig. 1 ) most of which are highly conserved (Fig. S3) . Loop 4-5 contains two residues, Arg-141 and Glu-142, that are essential for sugar/cation translocation (26, 27 ). In the model, Arg-141 is in close proximity to the important residue Asp-120 of helix IV. In loop 10-11, residues Asp-351, Asp-354, and Arg-363 are the only three residues important for sugar transport (28) . These hydrophilic loops could be conformationally flexible, and the model may only suggest one possible orientation. Nevertheless, it is highly likely that rearrangements of loops 4-5 and 10-11 may play important role(s) in ligand recognition and/or conformational switches between functional states during the turnover.
Central Hydrophilic Cavity with Asymmetrical Charge Distribution.
Helices I, II, IV, and V (N-terminal domain) as well as helices VII, VIII, X, and XI (C-terminal domain) line the central cavity in the MelB model ( Fig. 2A) . The cavity is closed to the periplasmic side by the helical contacts between helices V/VIII, I/VII, and II/XI and is open to the cytoplasmic side. Based on the model, it is possible that interactions between or involving loops 4-5 and 10-11 might cover the cytoplasmic opening of the cavity. Remarkably, all helices in the inner layer (I, IV, VII, and X) tilt and have kinks near the cavity as observed in LacY (17) (18) (19) , which may suggest unsynchronized movements of these helices.
Unlike LacY, a clear asymmetrical distribution of charges is observed within the cavity of MelB. Seven of eight charged residues exposed to the cavity are from the N-terminal helices (Figs. 1 and 4) , and the only C-terminal-charged residue (Lys-377, helix XI) is in close proximity to the N-terminal helices bundle. In LacY, charged residues involved in sugar and H ϩ bindings are mainly located at the N-and C-terminal helices of the cavity, respectively. Residues Asp-240 (helix VII); Glu-269 (helix VIII); Arg-302 (helix IX); and Lys-319, His-322, and Glu-325 (helix X) in LacY form the charged/H-bond network responsible for the H ϩ binding and translocation (Fig. 4B) (29) . The equivalent positions in MelB are mainly occupied with polar residues with no charged side chains.
In addition, apolar/hydrophobic residues dominate the periplasmic half of the MelB molecule; even the periplasmic external loops are not as charged as the cytoplasmic loops (Fig.  1) . In the central cavity, the majority of the charged residues are located in the middle and inner surfaces. Therefore, hydrophobic interactions at the periplasmic side and the charged environment at the cytoplasmic side and inner surface of the cavity may stabilize an inward-facing conformation, which is predicted to be the most populated conformer of MelB, similar to what is established for LacY (17, 30, 31) . Putative Na ؉ Binding Site. Among eight charged residues in the cytoplasmic cavity, four Asp residues in positions 19 (helix I), 55 and 59 (helix II), and 124 (helix IV) have been identified to contribute to the Na ϩ -dependent sugar binding and transport in MelB (32) (33) (34) (35) (36) (37) . Cys or Asn mutations at either Asp-55 or Asp-59 abolish completely and specifically the Na ϩ -dependent increase in both sugar affinity and stimulation of transport (35, 37) . Unlike the D59C mutant that uncouples the cations (Na ϩ , Li ϩ , or H ϩ ) from sugar translocation, the D55C mutation retains only the H ϩ -coupled melibiose transport (37) . It is implied by attenuated total reflection Fourier transform infrared spectroscopy studies that some carboxyl groups may directly interact with the Na ϩ ion in MelB (38) . Moreover, it was concluded that Trp-54, adjacent to Asp-55, is the major contributor to the Na ϩ bindinginduced Trp fluorescence changes (39) . Based on these observations, one Na ϩ ion was manually docked with no steric clashes between the carboxyl groups of the conserved Asp-55 and Asp-59 (helix II) (Fig. 4A) . The backbone carbonyl oxygen of the conserved Gly-117 (helix IV) is also in close proximity to the docked Na ϩ ion. It is notable that the available crystal structures of Na ϩ -coupled symporters (40-43) reveal a common Na ϩ binding motif, wherein the Na ϩ ions are buried between unwound regions of two helices, which is different from the Na ϩ binding site suggested for MelB. On the other hand, Asp-19 (helix I) and Asp-124 (helix IV) are not in close proximity to the proposed Na ϩ binding pocket in the model. Cys replacements at these two positions affect both sugar-and Na ϩ binding affinities. It is likely that these residues contribute to the charged/polar interactions around helix IV through the pairs Lys-18/Thr-119 (helices I/IV) Asp-124/Arg-141 (helix IV/loops 4-5), Arg-52/ Asn-248 (helices II/VII), Arg-52/Asp-55 (helix II) (44) , and Asp-59/Lys-377 (helices II/XI). Consistently, second-site mutation analyses suggest close proximities between the pairs Lys-18/Met-123 (1 helical turn below Thr-119) (44), Arg-52/Asn-248 (44) , and Lys-377/Asp-59 (45) . It is likely that the interhelixand/or interdomain-charged/polar networks play important roles in optimizing the cation binding site and sugar recognition as well as the coupling between sugar and H ϩ translocation.
Residues Involved in Sugar Binding. Although both MelB and LacY share similar substrate specificities, there is no detectable match of residues important for sugar binding in the traditional alignment. In LacY, the salt bridge between Arg-144 (helix V) and Glu-126 (helix IV) is essential for sugar binding and selectivity (9, 10) . In MelB, Arg-149 (helix V) is important for sugar recognition (26) , and Asp-124 and Tyr-120 (helix IV) are also suggested to be involved in both sugar and/or cation coupling (36) . It is remarkable that the two pairs Arg-144/Glu-126 and Arg-149/Asp-124, which are strictly conserved among all LacY and MelB orthologues, respectively, align well at the tertiary structure level (Fig. S2 and Fig. 4) . Trp-151 of LacY stacks hydrophobically against the galactopyranosyl ring of the sugar and plays a role in sugar recognition (46) . In MelB, there is no Trp residue at the corresponding position, and Tyr-120 (36) is at a position corresponding to Ala-122 of LacY, which abuts the nongalactosyl moiety of D-galactosides (10) . Phe-20 (helix I) of LacY is in close proximity to the sugar binding pocket (17, 47) , and the side chain of the corresponding residue Asp-19 of MelB could be within a salt-bridge distance with Arg-149. Arg-52, on the same face of helix II as Asp-55 and Asp-59, is critical for H ϩ -coupled melibiose transport but is not essential for Na ϩ -coupled melibiose transport (44) .
One molecule of melibiose was manually docked in the internal cavity of the MelB model (Fig. 4A) , guided by the coordinates of ß-D-galactopyranosyl 1-thio-ß-D-galactopyranoside in the LacY crystal structure (Fig. 4B) (18) . The docked melibiose exhibits no steric clashes within the proposed binding pocket and is surrounded to within 4 Å by potential hydrogenbonding partners: Arg-149 (helix V), Arg-52 (helix II), and Lys-377 (helix XI). It is noteworthy that the K377C mutant shows no sugar transport (45) .
Although it is not clear whether Arg-149 in MelB confers sugar specificity similar to the essential residue Arg-144 in LacY, it is striking that the two residues occupy almost identical positions ( Fig. 3 A and B and Fig. 4) . Based on the model, the aromatic residues Tyr-26 (helix I) and Tyr-120 (helix IV) may interact hydrophobically with the galactopyranosyl rings. Moreover, the sugar seems to be in close proximity to loop 4-5, which is consistent with a previous photoaffinity labeling study (48) . The cooperative binding of the cosubstrates has been established for MelB (26, 35, 39, 49) . It is interesting that both binding sites appear to be in close proximity in the model. It is also interesting that precedence has been shown in LeuT Aa (40) , wherein the substrate participates in the Na ϩ coordination. In the MelB model, helix IV is in the middle of the N-terminal helices bundle with a kink at the center (Figs. 2 A and 4A ). Both cation and sugar binding sites are near the hinge on the adjacent faces of the helix, which implies a physical role in the coupling between the two cosubstrates (39). The charged/H-bond network observed between helices IV, I, and V, loops 4-5, as well as in helices II and XI could account for the cooperative binding of the cation and sugar in MelB (35, 36) .
Postulated Mechanism. Combined with other studies (27, 50) , the alternating access mechanism can be postulated for the galactoside/Na ϩ symport in MelB (i.e., both cation and sugar binding sites are reciprocally exposed to either side of the membrane during turnover). The symport mechanism for the efflux mode can be explained by a simplified 6-step scheme similar to that proposed for LacY (10) (Fig. 5) . In the reversible and sequential binding model, the Na ϩ ion binds initially (step 1) and the sugar then binds at the inner surface (step 2). Binding of the cosubstrates in the inward-facing conformation causes a transition to the outward-facing conformation (step 3). The sugar releases initially (step 4), and the Na ϩ ion then releases at the outer surface (step 5). The empty carrier returns to the inward-facing conformation (step 6). The reverse reaction can be applied to the influx mode. Thus, it is likely that the turnover occurs when both cosubstrate binding sites are concurrently occupied (step 3) or unoccupied (step 6).
Conclusion
Several lines of evidence, including bioinformatics, previous functional studies, and biochemical/biophysical characterizations, are consistent with the overall fold of MelB suggested from the threading model. Two pseudosymmetrical 6-helix bundles surround an internal cavity that faces the cytoplasm and contains the binding sites for both cosubstrates. As suggested from the model, the overall fold of the Na ϩ -coupled symporter MelB is different from the available structures of other Na ϩ -coupled transporters, including LeuT Aa , the sodium/galactose symporter (41), the Na ϩ /aspartate symporter (43) , and the Na ϩ /H ϩ antiporter (51), but is similar to MFS members. Therefore, the MelB model may represent a unique fold for Na ϩ -coupled permeases. Although exact side-chain orientations/interactions in the model await further evaluation, the sugar binding pocket of MelB seems to be similar to that of LacY; however, the cation binding site is different between the two permeases.
Materials and Methods
The detailed methodology is provided in SI Text. In summary, using the full-length primary sequence of MelB as the sole input, three threading programs [FUGUE, (22) ; LOOPP, (23) ; and Phyre, (24) ] were used for the structure prediction. The model was then manually adjusted and energetically minimized. The CCP4 package (52) was used for superposition of the structures and evaluation of the stereochemistry. The electrostatic surfaces were calculated using Adaptive Poisson-Boltzmann Solver (APBS) software (53) . The evolutionary conservation analysis was performed using the Web-based server ConSurf (54) .
